Abstract-The paper introduces a novel antenna operating in the UWB band 3.75-4.25 GHz for BAN (Body Area Networks) applications. The proposed antenna has omnidirectional and directional radiation patterns in absence and presence of a backed air-filled cavity, respectively. The antenna was simulated using CST Microwave Studio software, showing maximum realized gains of 2.6 and 7.37 dB with and without the cavity, respectively. The designed antenna is planned to have the role of a receiving antenna for wireless capsule localization purposes. Therefore, an initial on-body study was required and detailed in this paper giving the focus on the small-intestine area, since it is the vital human body part of interest for capsule tracking and monitoring. An onbody scenario is presented using two antenna structures and compared with the free-space results. SAR (Specific Absorption Rate) is also investigated in compliance with IEEE/IEC 42704-1 standard. These initial studies prove that the antenna can be regarded a good candidate for WCE (Wireless Capsule Endoscopy) localization.
I. INTRODUCTION
During the last decades, wearable antennas and sensor development have arisen to answer the medical application needs [1] . In this context, BAN (Body Area Networks) comes to meet the required guidelines which are detailed in IEEE 802.15.6 standard [2] [3] . One of the applications appealing such efficient wearable antennas is the WCE (Wireless Capsule Endoscopy) localization by promoting UWB bands suitable for reliable wireless communication link and for high image resolution with low path losses [4] [5] [6] . The relevant body part of interest for this application is the GI (Gastro Intestinal) tract, especially the small-intestine area [7] [8] . In this regard, several studies have been conducted by pointing out the promotion of the selected UWB band (3.75-4.25 GHz). Furthermore, an accurate localization calls out for efficient tracking algorithms and high directive receiving antennas. Therefore, the main challenging task relays on the design of a high directive receiving antenna for out-body to in-body communications [9] .
A novel antenna structure is defined in this paper. The antenna is firstly introduced by a single antenna, to which a cavity was added later. Both structures are operating at low-UWB band in compliance with IEEE 802.15.6 standard for BAN. The antenna configuration is analyzed in first section, followed by the cavity-backed approach investigations. The third section discusses the antenna performances in vicinity to human body. Last section provides future working plans.
II. ANTENNA STRUCTURE AND CONFIGURATION ANALYSIS

A. Single antenna
The antenna is printed on 0.8 mm-FR4 substrate material ( =4.3). The antenna radiating part is made of the concatenation of two symmetrical circles, fed at their intersection by a microstrip line of 1.5 mm width and 14.0 mm length. The ground plane is an association/composition of a circle and rectangle-shaped structures as illustrated in Fig. 1 . The antenna overall size is 47.5×47.5×0. 8 . The optimized parameters of the proposed single antenna are summarized in Table I . Figure 2 shows the return loss of the proposed single Low-UWB antenna by tuning the feeding line width (Wf). It is clearly seen that this parameter is mainly responsible of an undesired resonance frequency at 0.25 GHz. Increasing this value from 1.5 to 3 mm do not affect the upper frequency band, whereas it shifts slightly the lower frequency from 3.50 to 3.53 GHz. The optimized value is 3 mm, and this choice was confirmed by the input impedance study illustrated in Fig. 3 , which shows a good match of about 49.3-j1.97 Ω suitable with a practical use where the antenna is fed by a 50 Ω coaxial cable.
A concise parametric study is done restrained to R1, R2 and Rg tuning. Parameters R1 and R2 affect significantly the antenna matching. It is clearly seen from Fig. 4 and 5 that both tuning parameters has similar impact on the results. In other words, as the radius increases from 8 to 10 mm the antenna bandwidth shifts to the left. The required bandwidth of (3.75-4.25 GHz) is covered entirely with value of 9 mm. Nonetheless, while maintaining R1 set to 9 mm and varying slightly R2 the undesired frequency start to disappear. This confirms the feeding sensitivity to R2 in addition to Wf parameter. Fig. 6 shows that the -10 dB bandwidth antenna matching is very sensitive to the Rg parameter. The optimized value is chosen to 9 mm.
The antenna has a bandwidth of (3.47-4.27 GHz), which is suitable to cover the required bandwidth defined by IEEE 802.15.6 (BAN) of (3.75-4.25 GHz). The resonant frequency is 3.88 GHz with a return loss of -32.4 dB. Whereas, the reported reflection coefficient at 4 GHz is -19.5 dB. The antenna radiates well over the frequency band of our interest, according to Fig. 7 showing a simulated total efficiency value between -1.2 and 0.7 dB. Besides, the surface current distribution over the radiating element reveals that the highest intensity is concentrated in the circles intersection from Fig. 8 .
The antenna has an omni-directional radiation pattern as depicted in Fig. 9 . The single antenna achieves an acceptable maximum directivity and realized gain of 3.3 dBi and 2.6 dB at 4 GHz, respectively, as reported in Table II . 
B. Cavity-backed approach
In this subsection, the previously presented antenna is completed by the introduction of the cavity as illustrated in Fig. 10 . Its importance lies in the fact that the cavity backed approach ensure better directivity and also a higher gain, which are both key requirements/factors for receiving antenna. The cavity box is made of Copper material of 0.5 mm-thickness with overall dimensions of 85.5×8.6×30.87
. After a careful/attentive study by tuning the cavity paramereters, the adequate chosen antenna position is inside the cavity center with the following parameter values: X=Y=Z1= 20 mm and Z2=10 mm.
The cavity dimension and the antenna position are relevant for the antenna configuration as shown in Fig. 11 (a) . A five parameter combinaison is presented, it is clearly noted that the antenna bandwidth is sensitive to these aformentioned parameters. After a careful and fine tuning analysis, it is concluded that the final cavity-backed antenna dimensions are X=Z1= 18.75 mm, which equals to λ/4 at the 4 GHz center frequency, Y=2 mm and Z2=0 mm. This comes with the idea to optimize the cavity box to a smallsize structure and meet the requirements of the Low-UWB band defined by IEEE 802.15.6 standard for BAN (Body Area Networks) applications.
The cavity-backed antenna has a -10 bandwidth of (3.50-4.36 GHz) with a resonnat frequency at 3.93 GHz with -26.67 dB reflection coefficient, as shown in Fig. 11 (b) . The final cavity-backed antenna has a high directivity toward Zaxis as depicted in Fig. 12 , achieving a directivity and realized gain of 7.95dBi and 7.37dB at 4 GHz (center frequency of Low-UWB band), respectively, as summarized in Table III. This optimized final cavity-backed antenna is fed by coaxial cable instead of waveguide port, in the purpose of simulating a realistic measurement scenario. From Fig. 11 (b) one can notice the absence of the undesired resonant frequency by this feeding method. Beside the required bandwidth of (3.51-4.35 GHz) is still achieved with a resonance frequency with -26.67 dB at 3.93 GHz. Regarding the antenna matching, according to results shown in Fig. 13 (a) the antenna input impedance is about 52+j6.6 Ω. The cavity-backed antenna radiates well over the bandwidth of our interest in terms of simulated total efficiency as shown in Fig. 13 (b) . 
III. ON-BODY STUDY
This section presents a brief and preliminary on-body study using the combination of two proposed antennas (introduced in Section II) which are the single and cavitybacked Low-UWB antenna. The antenna behavior of both structures is investigated in vicinity of human body (smallintestine area of the GI tract) and compared to free-space results serving of reference. This body part is modelled by a multi-layer model with 6 tissue layers with proper dielectric properties. This is emulating different tissues organized in the following order: skin, fat, muscle, fat, SI (SmallIntestine) wall and SI content. Table IV lists comparable study case. Hence, the single antennas are separated by 36 mm distance. For the on-body scenario, the antennas are 4 mm away from the human body corresponding to a measurement case where a volunteer is wearing clothes. Fig. 15 and 16 point out a precise investigation of the antenna performance in exposure to near human body by analyzing the directivity and power flow patterns, respectively. The directivity 3D results show that the backed directivity values in close proximity to human body are higher than the free-space ones for both single and cavitybacked antenna structures. At the center frequency 4 GHz, for exemple, the directivities using single and cavity-backed antennas on the body are 4.08 and 7.57 dBi, respectively. Similarly, these values are 7.95 and 8.91 dBi for cavitybacked antenna structure. On the other hand, giving the focus on the cavity issue, it is easy to distinguish the improved directivity in the case of the cavity presence compared to the single antenna structure. This can be exemplified by the highest directivity returned from the multi-layer model for the cavity structure achieving 8.91 dBi against 7.57 dBi for single stucture at 4 GHz. Only this investigation outputs incite the cavity benefits for WCE localization (where reflected signals from the body are of primar interest). These investigations are completed by power flow studies inside the human body (heterogenous model) as shown in Fig. 16 . 3D patterns provide a clear visibility regarding the radiation penetration depth inside/within tissues. Comparing Fig. 16 (b) and (d), it is remarkable that the power flow decreases with tissue depth using the single structure. Not only this, but also the power intensity is not reaching entirelly the SI content layer. This is one limitation for the capsule endoscopy localization. However, this drawback is remediated by using cavity-backed approach which is clearly seen in Fig. 16 (d) since the power flows exceed largely and sufficiently the SI content layer. Hence, it is concluded that the cavity-backed approach is privileged for WCE localization ends. Add remark regarding unreached directivity in Fat2 and SI using single antenna.
The antenna matching in vicinity to human body is compared for the case of single and cavity-backed approaches in Fig. 17 . Results reveal a significant shift of the bandwidth and hence the resonance frequency. For single antenna, the reported bandwidths are (3.47-4.28 GHz) and (3.78-4.66 GHz) in free-space and on-body scenarios, respectively. For cavity-backed structure, these similar values are (3.51-4.35 GHz) and (4.00-4.63 GHz). Besides, the maximum return loss and the resonant frequencies are higher in on-body scenarios compared to free-space. Whilst focusing on on-body study, it is inevitable that the cavity element affect meaningfuly the return loss value, and slightly the resonant frequency. However, the cavity alterates slightly the lower resonance from 3.78 to 4.00 dB by maintaining the upper frequency fixed to 4.64 GHz.
The channel characteristics are examined by a prime study case investigations where antenna cavities are side by side and compared with single antennas case and the findings are grouped in Fig. 18 . Overally, on-body scenario provides high losses compared to free-space propagation, which is obvious because of the presence of lossy tissues.
For single antenna, the reported path loss in vicinity to human body is 45.28 dB compared to 22.24 dB in free-space. These similar corresponding values are -58.39 and -29.46 dB for cavity backed structure. However, paying particular attention to on-body scenario, one can easily realize the reported high path loss when using cavity-backed structure in comparison to single antenna configuration (58.4 against 29.5 dB). This emphasizes the evident explanation provided at the beginning of this section, which consist/traced backed to the additional reached human tissues by the propagated waves as shown previously in power flow figures. Fig. 19 shows the impulse response comparison between single and cavity-backed approach in free-space and on-body scenarios by informing how the signal is propagated inside the multi-layer model. In free-space, both antenna structures have the same peak at 0.94 ns with 5.8 dB difference of power level. However, for on-body scenario, the peak signal is delayed by 0.938 ns using the cavity structure in comparison with the reference study case (free-space environment). This delay can be reasonably justified by the numerous reached lossy tissues causing a late arrival of the received signal by the receiving antenna. Still, this challenging issue needs to be investigated with an exhaustive study appealing E-field probes inside and at the surface of the different tissues.
The antenna efficiency decreases significantly in close proximity to human body as shown in Fig.20 . This decrease is worst using cavity approach which can be explained by the additional radiations from the cavity component. The antenna directivity is plotted per cuts (Phi=0°, Phi=90° and Theta=90°) as illustrated in Fig.21 . Table V summarizes the reported directivity values comparison between single and cavity structure of the proposed Low-UWB antennas for onbody scenario. At 4 GHz, maximum directivities are notified according to Phi=90° for single and cavityèbacked antennas of 7.55 dBi and 8.79 dBi.
IV. CONCLUSION AND PERSPECTIVES
The paper introduces a new receiving antenna suitable for WCE localization purposes. Two antenna structures are presented and called single and cavity-backed configurations, both operating at Low-UWB range defined by bandwidth of (3.75-4.25 GHz) with a 4 GHz center frequency in compliance with IEEE 802.15.6 standard. The single and cavity-backed antennas have omni-directional and directional radiation patterns and achieving corresponding gains of 2.6 and 7.37 dB , respectively. The proposed antennas are aimed to be held by a patient, which incites the preliminary on-body investigations with antenna-skin separation averaging clothes thickness (about 4 mm) by using a multi-layer model. Radiations exhibited by the cavity approach attend/reach the deeper tissues, in this case Fat2, Small-intestine wall and content layers which are unreachable using simple approach. Both antenna configurations comply with SAR safety guidance defined by IEEE/IEC 42704-1 standard. A detailed on-body study using single and cavity-backed antennas will be done and validated with measurement in free-space and on-body volunteers. 
